Volume phase transitions of a DNA gel and a single giant DNA chain caused by spermidine 3+ ͑SPD 3+ ͒ were investigated. The change in volume for the single DNA ͑V / V 0 ϳ 10 −5 ͒ was four orders of magnitude greater than that for the DNA gel ͑ϳ10 −1 ͒, while the critical SPD 3+ concentration for the gel ͑1.8 mM͒ was one order of magnitude greater than that of the single DNA ͑0.12-0.25 mM͒ at the same pH 6.86. We tried to describe mean-field theories with virial expansion, which is valid for the coil-globule transition of a single polymer chain, for the volume phase transitions to explain the reason why such marked differences appeared. Considering the degree of the ordering of Kuhn segments arising from the gel network structure together with the chain length of cross-linked polymer chains, the volume phase transitions were described and then the significant differences were reproduced quantitatively. We concluded that the network structure plays a significant role in the volume phase transition of the gel.
I. INTRODUCTION
Since a polymer gel usually consists of many crosslinked polymer chains ͑subchains͒, it is natural to expect that the physical characteristics of a gel would reflect the intrinsic properties of the corresponding single polymer chains. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In fact, the physicochemical properties of gels have often been explained in terms of the conformation of a subchain in network. However, an essential difference exists between a gel and a single polymer chain; subchains are fixed by a network structure, whereas a single polymer chain is not fixed. Therefore, it is expected that the difference gives any different aspects between volume phase transitions in a gel and a single polymer chain. However, it is still unclear how the volume phase transition of a gel is different from that of a single polymer chain. In order to solve this problem, we must use the same polymer chain in experiments on the volume phase transition in both gel and single polymer chain. We have been currently performing single-molecule observations on the conformational transition of individual giant DNA molecular chains using a fluorescence microscopy and have revealed that this transition can be interpreted as the first-order phase transition under the criterion of Landau. 13 In this study, we will present the first experimental results on volume phase transitions on a DNA gel and a single DNA molecules using spermidine 3+ , a trivalent cation, as a condensation agent, and then we will describe their theoretical frameworks for the volume phase transitions of a free polymer chain and a fixed polymer chain in gel network structure.
II. EXPERIMENT
Single-molecule observation of giant DNA molecules was carried out as follows. T4DNA ͑Nippon Gene, 0.1 M in nucleotides͒ was dispersed into a phosphate pH standard solution ͑pH 6.86 at 25°C, Wako, 250 mM potassium dihydrogenphosphate and 250 mM disodium hydrogenphosphate͒, containing 0.01 M YOYO-1 ͑Molecular Probes͒ as a fluorescence dye, 4 vol % 2-mercaptomethanol ͑Nacalai Tesque͒ as an antioxidant, and the desired amount of spermidine trihydrochloride ͑Calbiochem͒ as a condensation agent. Fluorescence images of individual DNAs were observed by a fluorescence microscope ͑IX-70, Olympus͒ equipped with a highly sensitive silicon intensifier target ͑SIT͒ camera ͑Hamamatsu Photonics͒ and recorded on video. As a measure of the volume phase transition of individual DNA molecules, we evaluated the hydrodynamic radius R h of indi-vidual DNA molecules from Brownian motion observed on the video. 14, 15 We obtained R h for 15-30 single DNA molecules under each condition. On the other hand, the experiment with double stranded DNA gel was carried out as follows. The DNA gel was prepared using 0.5 g DNA ͑Salmon tastes DNA, Sigma͒, 2 ml water, and 0.25 ml ethylene glycol diglycidyl ether ͑EGDE͒ ͑Aldrich͒ at pH 12.0 using 0.1 N NaOH ͑Wako͒. 5 The DNA gels were prepared as cylindrical gels ͑initial size of ϳ1.3 mm in diameter and ϳ2 mm in height͒ and placed in 10 ml phosphate pH standard solution ͑same solutions used in single-molecule observation͒ containing different spermidine 3+ ͑SPD 3+ ͒ concentrations at room temperature ͑22±3°C͒ for 3 months. The volume change was evaluated from a change in the diameter. Figure 1͑a͒ shows the volume swelling ratio V / V 0 upon a volume phase transition in DNA gel and single DNA molecules. Individual DNA chains exhibit a large discrete transition in 0.12-0.25 mM SPD 3+ with V / V 0 ϳ 10 −5 , where the elongated and compact states coexist. The finite width of the coexistence region appears in the volume transition of a single DNA molecule because the center limit theorem cannot be attained in a single DNA chain ͑N Ӷ N A , N is the number of Kuhn segment in a single DNA chain, N ϳ 560 in a T4DNA as shown later, and N A Avogadro's number͒. 16 In contrast, DNA gel exhibits a discrete transition with V / V 0 ϳ 10 −1 at 1.8 mM SPD 3+ . Thus, we observed marked differences in the critical concentration of SPD 3+ and in V / V 0 simultaneously. The orders of magnitude of V / V 0 in gel and single chains are consistent with those in previous studies. 14, 15 The typical photographs of a swelled gel ͓͑SPD 3+ ͔ =0 mM͒ and a collapsed gel ͑3.2 mM͒ are shown. From the change in diameter of the cylindrical gels, V / V 0 was evaluated, where we assumed that the volume change of gel occurs homogeneously. 5 On the other hand, typical fluorescence DNA images in elongated, coexistence, and compacted regions are also shown. Volume change of a single DNA chain was obtained from R h , which was evaluated from the Brownian motion of individual DNA molecules under the relations ͗R͑t͒ − R͑0͒͘ 2 =4Dt and R h = k B T /6 s D, where R͑t͒ is the distance of the center of mass of a single DNA chain at arbitrary time t from its position at t =0, D is the diffusion constant, k B is the Boltzmann constant, T is the absolute temperature, and s is the viscosity of the solvent. Figure 1͑b͒ shows the distribution of R h for single DNA chains at different SPD 3+ concentrations. It is clearly shown that R h shows a bimodal distribution. The volume change of a single DNA molecule was evaluated from R h 3 . Here, we determined that V / V 0 = 1 for the coil state of the single DNA chain and the swelling state of the DNA gel at the critical SPD 3+ concentration, respectively. As a primary cause to induce the significant difference in V / V 0 , we can consider the difference of the effective contour lengths between single DNA molecule and subchains in the gel. The transition between swelled and collapsed states may be interpreted in terms of the coil-globule transition on polymer chains. It is known that the coil size R c and globule size R g with an excluded volume scale as N 3/5 and N 1/3 , respectively, where N is the number of Kuhn segments in a poly-
III. RESULTS AND DISCUSSION
The Kuhn length of DNA is around 100 nm. For a single T4DNA with the contour length of 56 m, 13 N ϳ 560 and, thus, N −4/5 ϳ 10 −2 , while N in the subchains in the gel is expected to be on the order of unity and N −4/5 ϳ 1, at most. 17 Thus, the difference in V / V 0 is attributable, at least partly, to the difference in the effective chain length between the single giant DNA and the gel. As for the more precise discussion, we adopt a theoretical framework with mean-field treatment for the volume phase transition of single chains in order to take into account the effective chain length. On a gel, we consider the additional effect due to its heterogeneity. Such approach would be helpful for us to survey the marked difference of the volume phase transitions between the single DNA and the gel. The free energy of a single polymer chain F single is given as
where F ela and F int are due to the elasticity of a polyelectrolyte chain and the interaction between Kuhn segments, respectively, ␣ = R / R 0 ͑the polymer chain size is R, the Gaussian chain size is R 0 ϳ l p N 1/2 , and l p is the persistence length and l p Ϸ 50 nm in DNA͒, B and C are the second and third virial coefficients, respectively, and is the density of the chain ͑N / V͒. Considering the attractive interaction between Kuhn segments of a DNA chain, the second and third virial coefficients can be described as
where B 0 and B att arise from steric and attractive interactions, respectively, a is the width of a chain ͑2 nm in DNA͒, is the characteristic length of attractive potential, is the reduced temperature ͓ = ͑T − T c ͒ / T c ͔, ␥ is the angle formed by the directors, or the main axis, of two segments ͑0 ഛ ␥ ഛ /2͒, and = a / l p is the aspect ratio of the Kuhn segment. ␥ is introduced for the following reason. Elongated DNAs show an intramolecular thermal fluctuation together with Brownian motion. However, when many-body collisions occur between parallel-ordered Kuhn segments ͑␥ ϳ 0͒ under a suitable solution condition, a nucleus is spontaneously formed by attractive interaction between the Kuhn segments, and then it grows to form ordered structures such as a toroid and a rod. [19] [20] [21] [22] Based on this nucleation and growth process, the introduction of ␥ is valid. We assumed the volume of a single DNA molecule with respect to ␥ as
Therefore, from ͗sin ␥͘ −1 = al p 2 at Ӷ1,
We thus chose B att formally such that the attraction between rods is effective only at ␥ ϳ 0. From the above discussion, the attractive term of the second virial term B att 2 V and the third virial term C 3 V can be described as
where V = ͑␣R 0 ͒ 3 and R 0 = l p N 1/2 . Here, the second virial term B att 2 V acts as the third virial coefficients by the ordering of Kuhn segments, as shown in Eq. ͑7͒. As a result, Eq. ͑2͒ can be reduced using the effective third virial coefficient as 18, 23 
where C * is the effective third virial coefficient and corresponds to the solvent quality ͑C * Ͼ 0, good; C * Ͻ 0, poor͒ which causes the first-order phase transition. Here, we omitted the second virial term B 0 2 V because it remains constant irrespective to the solvent quality. The last term in Eq. ͑9͒ indicates the excluded volume effect, including both second order and higher order, which avoids the anomaly of F single ͓␣͔ → −ϱ at ␣ → 0.
18,23 Figure 2͑a͒ shows the free energy profile of a single polymer chain obtained from Eq. ͑9͒, which indicates that the free energy profile is always bimodal with a relatively high barrier. Such characteristic profile of the free energy indicates that the folding transition of a single semiflexible polymer chain such as a long DNA should undergo a large discrete transition, i.e., a first-order phase transition under the criterion of Landau. On the other hand, the stable state with a change in C * can be obtained from ‫ץ‬F single / ‫␣ץ‬ =0, 
describes a thin solid line in Fig. 3 , the dependence of ␣ on C * . This type of dependence indicates that the discrete change in ␣ should occur. The thick solid line depicts the manner of the discrete transition through the transition point with equal free energy minima. The volume phase transition of a single polymer chain is thus described as the large discrete transition.
On the other hand, a gel is different from a single polymer chain because the subchains are fixed in the network structure. Under the theoretical framework of a single polymer chain by taking account of the effect of the ordering of Kuhn segments, the free energy of the gel F get ͓␣͔ is given by
where N tot is the total number of Kuhn segments in gel and N sub is the number of Kuhn segment͑s͒ in the subchain. The elastic energy of the gel is obtained by the N tot / N sub times of the elastic energy of a subchain.
In the virial expansion, we assume that the second virial coefficient can be expressed as
Here B 0 , B att , and C are essentially the same as in the case of a single polymer chain. Here, we introduced a repulsive interaction B rep to express the energy penalty arising from the network which disturbs the attractive interaction between Kuhn segments. B rep can be described as
where ͗sin ␥͘ −1 = al p 2 at Ӷ1 and the factor l p 3 in B rep implies the unit size of the gel network structure under the ordering of Kuhn segments at ␥ ϳ / 2. Equation ͑12͒ would be expressed using the third virial term and the contributions arising from the ordering of Kuhn segments as
where C * is the same to Eq. ͑10͒. Figure 2͑b͒ shows the free energy profiles of a gel obtained from Eq. ͑16͒, exhibiting a characteristic bimodality, as in Fig. 2͑a͒ . This implies discrete characteristics on the manner of the transition. On the other hand, the stable state with a change in C * can be obtained as
The thin dashed line in Fig. 3 is obtained from Eq. ͑17͒. The discrete transition point corresponds to the condition where two free energy minima are equal to each other. Let us compare the free energy profiles of a gel and a single polymer chain in Fig. 2 . In Figs. 2͑a͒ and 2͑b͒ , the single polymer chain shows a greater discrete change in ␣ between 0.12 and 1.3 with C * = −0.0044, whereas a gel shows a smaller change in ␣ between 0.39 and 1.0 with C * = −0.056. From V Ϸ ␣ 3 , volume ratio between two states of a polymer chain ͑approximately three decades͒ is greater than that of a gel ͑approximately one decade͒. This reproduces the significant difference of V / V 0 in the experimental results. Furthermore, the magnitude of poorness ͉C * ͉ for the transition is different. The ͉C * ͉ = 0.056 of a gel is one order of magnitude greater than that ͑0.0044͒ of a single polymer chain. This means that the transition of a gel occurs at a poorer solvent condition than that of a single polymer chain. Since ͉C * ͉ is increased with increasing SPD 3+ concentration in our case, this reproduces that a gel exhibits the volume transition at 1.8 mM SPD 3+ which is one order of magnitude greater than that ͑0.12-0.25 mM SPD 3+ ͒ of a single molecule. Figures 2͑c͒ and 2͑d͒ show distributions of ␣ for a gel and a single polymer chain around their critical C * , respectively. Figure 2͑c͒ reproduces the discrete transition of single polymer chains through the coexistence region, as shown in Fig. 1͑b͒ .
Next, we would like to compare the transition manners in Fig. 3 , which shows the volume phase transitions in a plot of volume ␣ 3 versus efficient solvent quality C * . It is clearly illustrated that the magnitudes of the discreteness of ␣ 3 and C * at the transitions of a single polymer chain and gel are quite different on the order of decade, as discussed above. Moreover, Fig. 1͑a͒ is thus reproduced qualitatively. Thus, the free energy descriptions within the mean-field treatment considering the chain length and the ordering of Kuhn segments reproduce the experimental results. In this study, we described the general theoretical frameworks with virial expansion to survey the volume phase transitions. In further study, the free energy descriptions by mixing entropy, translational entropy of counterions, etc., are required for more realistic descriptions of the volume phase transitions. Furthermore, it is very important to consider how the network structure of gel should be treated in free energy although we treated it as the energy penalty arising from the degree of the ordering of Kuhn segments.
IV. CONCLUSION
In summary, we experimentally investigated the volume phase transitions for a gel and a single polymer chain and found the marked differences in the critical concentration of SPD 3+ and V / V 0 . In particular, the critical concentration of a gel was found to be one order of magnitude greater than that for a single polymer chain. Based on the theoretical framework of the coil-globule transition of a single polymer chain, the volume phase transition of a gel was described, and the significant differences in V / V 0 and critical concentration were reproduced qualitatively. It is suggested that the network structure plays a significant role in the volume transition of a gel.
